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SUMMARY 

In turbojet engine analyses considering hydrogen as the fuel,  lack 
of data on gas  properties in a form convenient far thermodynamic calcula- 
t i on  has resulted in adjustment of engine  cycle  calculations  using JT-4 
f u e l  f o r  the change i n  heat content of the fue l .  This  analysis compares 
engine  performance  determined in  that way with the  performance obtained 
from  computations emgloying hydrogen as the   fuel .  The adjusted  values 
from the Jp-4 calculations compared w i t h  those from the hydrogen calcula- 
t ions  as follows: Fuel specific impulse was as much as 3 percent  high. 
Thrust per uni t  sir flow was as much as 5 percent low.  A i r  f l ow per 
uni t  of turbine  frontal.  area was a5 much as  1 percent low. 
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INTRODUCTION 

The high  heating  value of hydrogen has recently  aroused  considerable 
in te res t  i n  i t s  use as  a turbojet  engine fuel .  In  reference 1, lack of 
data on gas properties i n  a form convenient f o r  thermodynamic cycle  cal- 
culation resulted in aajustment of engine  cycle  calculations  using Jp-4 
fuel f o r  the change in heat content of the f u e l .  In particular,  the 
values of t h r u s t  per unit a i r  flow and the.flow areas have  been assumed 
unchanged from those f o r  Jp-4 fuel, and the values of fue l   spec i f ic  im- 
pulse were increased in direct   proport ion  to  the heating  value of the 
fue l .  This analysis  investigates the valldi5y of these  assumptions. 

For t h i s  purpose,  the  performance of a series of hypothetical  turbo- 
jet engines w a s  determined  by thermodynamic analysis at the NACA h i s  
laboratory. Two fue l s  were used - hydrogen and Jp-4 (assumed  hydrogen- 
carbon r a t i o  of 0.167). Reference 2 w a s  the source of data on properties 
of conibustion  products. A method of extrapolating the data of reference 

A 2 t o  a hydrogen-caFbon r a t i o  of in f in i ty  (hydrogen as fuel) is presented 
. in  the appendix. The calculations were checked  by  employing the  data of 

reference 3; essentially  the same resu l t s  were obtained. 
* 

The e f fec ts  of using  hydrogen on engine  operation  are  also  analyzed 
i n  references 4 and 5. The resu l t s  of these references axe not  directly 
compmable with those presented herein, because the bases of analysis 
di f fe r .  

. ._  
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SYMBOLS 

specific  heat at constant  pressure,  Btu/(lb)(OR) 

fke l -a i r   ra t io  . .  

lower heating  value,  Btu/lb 

hydrdgen--cWbon rat io 

enthalpy,  Btu/lb 

fue l  enthalpy,  Btu/lb 

fuel   specif ic  impulse, (lb  thrust)(sec}/(lb  fuel} 

temperature, 9( . .  

z ( h  - k) ( re f .  2 ) ,  B t u / l b  

. .   . .  

f 
. .  

x(@ s - @ o )  ( r e f . .  2 ) ,  B t u / l b  .. . .  . 

J$ dT, Btu/(lb}(%) 

Subscripts: 

0 air 

0.1 hydrogen-cakbon r a t i o  of 0.1 

0.167 hydrogen-carbon r a t i o  of 0.167 (Jp-4) 

0.2 hydrogen-caPbon r a t i o  of 0.2 

01 hydrogen-carbon r a t i o  of  in f in i ty  (hydrogen) 

C gas [cI%, - C$] (See- p. 30 of r e f .  2, ) 

d gas [%O - %] (See p. 30 of ref. 2. } 

.A- 
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ANALYSIS 

Range  of CalculBtions 

Engine  performance was calculated  independently  for  use of each fuel, 
hydrogen  and JP-4. The assigned  engine  operating  conditions aze as 
fol lows : . .  

w Compressor work, Btu/lb . . . . . . . . . . . . . . . . . . . . . . .  75 

G Combustor total-pressure  ra t io  . . . . . . . . . . . . . . . . . .  0.95 
Turbine  polytropic  efficiency . . . . . . . . . . . . . . . . . . .  0.85 
Afterburner  total-pressure  ratio . . . . . . . . . . . . . . . . .  0.90 
Primary-conibustor  confbustion efficiency . . . . . . . . . . . . . .  0.98 
Afterburner conibustion efficiency . . . . . . . . . . . . . . . . .  0.90 
Exhaust-nozzle  velocity  coefficient . . . . . . . . . . . . . . . .  0.97 
Flight h c h  number . . . . . . . . . . . . . . . . .  0.9, 1.5, 2.0, 2.5 
Anibient temperature, OR . : . . . . . . . . . . . . . . . . . . . .  390 

tD . . . . . . . . . . . . . . . . .  Compressor polytropic  efficiency 0.90 

- 
L 

c 

The following conbinations of turbine  inlet.temperature and after- 
burner exit temperature w e r e  considered: 

I Turbine inlet 1 Afterburner exit[ 
temperature,  temperature, I OR I 

No afterburner 
No afterburner 

2000 3500 

The i n l e t  cliffusers vere assumed t o  have the following pressure 
recoveries : . .  

~ 

Flight Mxh 
pressure nufber 
Inlet-diffuser 

' recovery ?: 1 .938 1 0.950 

.886 

.752 

Fuel  Properties 

. .  
. _  

For JP-4, the  lower heating  value and the fuel enthalpy  corresponding 
.1 t o  the datum of 600° R of reference 2 w e r e  assumed t o  be 18,574 and 0 Btu 
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per pound, respectively. For hydrogen, the lower heating  value a t  the 
standard temperature of 25O C is 51,571 Btu  per pound (ref .  6); adjust- 
ment  of this value t o   t h e  60O0 R datum of reference 2 r e su l t s   i n  a lower 
heating  value of 51,555 Btu  per pound for  use  in  the combustion equatlans 
of reference 2. The hydrogen was assumed t o  be  received by the  engine as 
a saturated  l iquid  at  1-atmosphere  pressure;  reference 7 indicates that 
with a 'datum temperature  of 60O0 R the fuel enthalpy is then -1905 Btu 
per pound. 

"he l iquid hydrogen supplied to   the  engine was assumed t o  be normal 
hydrogen rather  than  the more stable  para form, but  the  effect of t h i s  
assumption on the  variables  to  be compared is negligible. 

Form of Results 

The engFne characterist ics  that  were computed are: (1) fuel   specif ic  
impulse, ( 2 )  thrust  per  unit air flow,  and (3) the amount of compressor 
i n l e t   a i r  flow tha t  can  be passed through a square  foot of f l o w  area a t  
the  turbine e x i t i f  the flow is choked. The correction  factor  originally 
used for  adjusting  the  fuel  specific impulse of calculations  for JP-4 fuel 

t o   t h a t  of hydrogen is 
(E + hf lm 

(E + hf)o.l67 
where the  heating  value 

and fuel  enthalpy  correspond t o   t h a t  at the usual datum temperature of 
25' C. Under these  conditions, 

(z + hf)o.l67 = 18,574 Btu/lb ( re f .  2 )  

- 
H, = 51,571 Btu/lb ( ref .  6) 

= -1688 Btu/lb (ref. 7)  

The sum of the  heating  value and fue l  enthalpy for JP-4 is not changed 
significantly by the change i n  datum temperature from 600° R t o  2 5 O  C. 
Far each  of these  engine  characteristics  (fuel  specific impulse, thruet 
per unit  air flow, and flow  per unit  area), the   ra t io  of the  value de- 
termined from the hydrogen calculations  to that from the JP-4 calculations 
was computed.  The results of  these  calcul+ttions are presented in   f igures  
1 t o  3. 

Fuel Specific Impulse 

The r a t i o  of fuel specific impulses fo r  hydzogen as  f u e l  i s  shown i n  
figure 1 t o  range f r o m  0.968 t o  1.004. Correction of fuel  specific 

I 
"* . c 

- ?  
4 
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impulse from calculations  using JP-4 may thus  be i n   e r r o r  by as much as 
3 percent. For the  engines  investigated,  the  error  increases  with in- 
creasing  temperature and, thus,  with  increasing  fuel-air  ratio. After- 
burning  engines have larger  errors  than  nonafterburning  ones. 

Thrust per U n i t  Air Flow 

4 

Y 

The thrusts per  unit a i r  flow for   the  two fuels are s h a m   i n  fig- 
ure 2 t o  differ by 2.7 t o  5:4 percent. Jus t  as   for   the  fuel   specif ic  
impulse, greater variation is obtained  with  larger  fuel-air  ratio. 

The greater thrust per  unit air flow  obtained from  hydrogen r e su l t s  
from a combination of two effects.  Replacement of  carbon  dioxide i n   t h e  
exhaust  gas by w a t e r  vapor results in a reduction i n  the average  molecular 
weight  and  thereby an increase in exhaust jet veloci ty   for  any given ex- 
haust  nozzle  pressure-ratio and i n l e t  temperature. On the  other hand, 
the  high  heating  value of hydrogen reduces  the fuel-air ra t io   requi red   to  
obtain a given conibustion temperature, with the  result   that   the mass of 
gas  leaving  the  engine  decreases. The reduction  in  average molecular 
weight is the  predominant effect, and the  thrust  per  unit air flow 
increas e8 . 

Flow per U n i t  Area 

Changes in gas  properties  resulting from changing fuels   affect   the  
attainable  flow  per  unit area at  the  turbine-exit in a var iety of ways. 
The low molecular  weight of the  products of conibustion of hydrogen de- 
creases gas density and thus  tends to  increase  flow area. The concomitant 
increase i n  gas constant R tends t o  decrease the  flow area for two rea- 
SOB: (1) An increase i n  gas  constant R increases  speed of sound and 
thus  the  permissible  gas  velocity. ( 2 )  For higher  values of gas  constant 
R, the  turbine  pressure  ratio  required  to  drive  the compressor  decreases. 
The combination of these  effects i s  shown i n  figure 3 t o   r e s u l t   i n  a 0.5 
t o  1.0 percent  increase i n  attainable flow per  unit area a t  the  turbine 
exi t .  For a given  turbine  hub-tip radius ratio, the   a t ta inable  flow per 
unit   turbine  frontal  area is  affected in the  same manner. 

For several  hypothetical  turbojet  engines,  engine performance from 
cycle  calculations u s i n g  JP-4 was adjusted  for the change in heat  content of 
the fuel and compared with the performance computed f o r  hydrogen as fue l .  The 
adjusted  values from Jp-4 calculations compared with  those  from  the hydrogen 
calculations as follows: 
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1. Fuel specific i m p u l s e  was as much as 3 percent  high. 

2. Thrust per unit  air flow was as much as 5 percent low. 

3. A i r  flow per unit  of turbine frontal area was as much as 1 per- 
cent low. 

L e w i s  Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, October 18, 1955 
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APPEEJDM - E X T R A P O W I O N  OF HYDROGEN-CARBON 

FtA.TI0 To INFINITY 

+- l + f  
. .  

can  be changed t o  read 

Revision  of  equation (35) of reference 2 yields 

Values  of $h m e  presented in reference 2 for  various  temperatures and 

a i r  and the  gases "c" and "a" are independent  of  hydrogen-carbon r a t i o  

any selected  value of hydrogen-carbon ra t io ,  i n  th i s   case  for inf ini ty ,  
i n  terms of the  values of $h fo r  hydrogen-carbon r a t io s  of 0. I and 0.2. 

t for hydrogen-carbon r a t io s  from 0.1 to 0.2. Because the  properties of 

-L for  any given  temperature,  equation ( 2 )  can  be  used t o  determine \clh fo r  

In pazticulas, 

or 

h, - = I 3 O 2  (*h,O.I - Oh,O.2) (3 1 
For a hydrogen-cubon r a t i o  af infinity,  equation  (2)  reduces to 

*h,ca= ha hO (4 1 
Substitution of equation (3) into  equation (2)  yields 

4 
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and f o r  a hydrogen-carbon r a t i o  of 0.2, this expression;  reduces t o  

- ho = l2 *h,0.2 - XL vh,0.1 

Cordbination of this  expression  and-equation (4) givee 

Values of $h,O .2 and $h, o. read from reference 2 can thus be used 
t o   d e t e n e  +h,- f o r  any selected temperature. 

Equation (34) of reference 2 also yields 

This expression can be mdified, Just  as equation (1) was modified, t o  
produce 
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Figure 1. - EFPect of &aa properties on fuel specific Impulse. 
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Figure 2. - Effect of gas properties on th-rust per unit air  flow. 
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Figure 3. - Effect of gas properties on flow per 
Lmit area. 
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3.ll.2 

EFEECT OF COMBUSTION GAS PROFERTIES ON TURBOJET-ENGINE PERFORMANCE 

WITH HYDROGEN AS FUEL 

Abstract 

Sim.ple adjustment of turbojet  engine  cycle  calculations  based on 
JT-4 fuel f o r  the  increase in heating value when hydrogen .is substi tuted 
for  JT-4 resulted  in  the  following  errom: Fuel specific impulse was 
as much as 3 percent  high; thrust per  unit .airflow w a s  as much as 5 
percent low; airflow per  unit of turbine  f rontal  area was as much as 
1 percent low. 


